Bile acid homeostasis is tightly regulated via a feedback loop operated by the nuclear receptors farnesoid X receptor (FXR) and small heterodimer partner (SHP). Contrary to current models, which place FXR upstream of SHP in a linear regulatory pathway, here we show that the phenotypic consequences in mice of the combined loss of both receptors are much more severe than the relatively modest impact of the loss of either Fxr or Shp alone. Fxr -/-Shp -/-mice exhibited cholestasis and liver injury as early as 3 weeks of age, and this was linked to the dysregulation of bile acid homeostatic genes, particularly cytochrome P450, family 7, subfamily a, polypeptide 1 (Cyp7a1). In addition, double-knockout mice showed misregulation of genes in the C21 steroid biosynthesis pathway, with strong induction of cytochrome P450, family 17, subfamily a, polypeptide 1 (Cyp17a1), resulting in elevated serum levels of its enzymatic product 17-hydroxyprogesterone (17-OHP). Treatment of WT mice with 17-OHP was sufficient to induce liver injury that reproduced many of the histopathological features observed in the double-knockout mice. Therefore, our data indicate a pathologic role for increased production of 17-hydroxy steroid metabolites in liver injury and suggest that Fxr -/-Shp -/-mice could provide a model for juvenile onset cholestasis.
Introduction
Originally considered endogenous surfactants required for digestion of fats and fat soluble vitamins (1), bile acids (BAs) have outgrown this simple characterization and are now implicated in multiple biological processes. For instance, BAs exhibit hormone-like properties to regulate liver regeneration (2, 3) and energy expenditure (4) as well as triglyceride (5) and glucose homeostasis (6) . The physiological concentration of BAs is tightly regulated through a multistep feedback loop (7) , involving the nuclear receptors farnesoid X receptor (FXR, also known as NR1H4) (8) (9) (10) and small heterodimer partner (SHP, also known as NR0B2) (7, (11) (12) (13) , culminating in the repression of cytochrome P450, family 7, subfamily a, polypeptide 1 (CYP7A1) (7) , an enzyme that catalyzes the rate-limiting step in BA synthesis (14, 15) . Cholestasis causes hepatic BA accumulation. Among the several mechanisms for BA retention are aberrant BA synthesis and transport (16) (17) (18) (19) . Importantly, most of the BA synthesis and transport machinery (3, 7, (20) (21) (22) (23) (24) falls under the FXR and SHP axis of regulation.
The interplay among BAs, FXR, and SHP is complex. BAs act as endogenous ligands for FXR to autoregulate their synthesis (7), hydrophobicity (10) , and transport (21, 25, 26) . FXR can also regulate BA levels via a pathway involving FGF15 and its receptor FGFR4 (27, 28) . Moreover, Fxr-knockout (Fxr -/-) mice challenged with cholic acid overload have elevated serum cholesterol and triglyceride levels (10, 29) . SHP, an inductive target of FXR, is an atypical nuclear receptor (30) that lacks a DNA binding domain. SHP functions as a corepressor and inhibits transactivation of specific nuclear receptor partners, particularly LRH-1 (31, 32) . While liver-specific overexpression of SHP results in depletion of the BA pool (33) , Shp-knockout (Shp -/-) mice are resistant to liver damage induced by chronic elevation of cholesterol as well as BAs (5, 34) .
Current understanding suggests FXR functions upstream of SHP in a linear pathway (7, 24, 35) . If FXR is exclusively epistatic to SHP in a linear regulatory pathway, then Fxr -/-Shp -/-doubleknockout (DKO) mice should phenocopy Fxr -/-mice. In contrast, we find that DKO mice display severe liver injury and biliary dysfunction as early as 3 weeks of age, and their liver size doubles within 12 weeks of age when compared with that of the individual knockouts. The biliary phenotype is associated with substantially higher Cyp7a1 expression in DKO mice relative to the single knockouts. These results strikingly differ from the modest phenotype of individual Fxr -/-or Shp -/-animals and indicate that FXR and SHP act coordinately to maintain biliary homeostasis.
In addition to the changes in cholesterol and BA metabolism, microarray analysis of the DKO liver identified specific alterations in the expression of genes involved in C21 steroid metabolism, with marked induction of cytochrome P450, family 17, subfamily a, polypeptide 1 (Cyp17a1) and decreased expression of 3-β-hydroxysteroid dehydrogenase 5 (Hsd3b5) and steroid 5-α-reductase 1 (Srd5a1). The induction of Cyp17a1 correlated with significantly elevated serum levels of one of its primary products, 17-hydroxyprogesterone (17-OHP). Liver toxicities have been associated with synthetic 17-α hydroxysteroids, including 17-α ethinyl estradiol and 17-α alkylated (17aa) androgens (36) (37) (38) . To test its potential contribution to DKO liver injury, we challenged WT mice with 17-OHP for 5 days. 17-OHP treatment was sufficient to induce liver injury, producing histological changes similar to those observed in DKO mice, including microsteatosis, focal inflammation, and ballooning degeneration. Overall, these results identify the DKO mice as a model of juvenile onset cholestasis and suggest an unexpected contribution of endogenous 17-OHP and potentially other Cyp17a1 products in hepatotoxicity.
Next, we evaluated liver injury in DKO mice by measuring serum concentrations of ALT, AST, and bilirubin. Consistent with the histological findings, DKO mice exhibited up to 20-and 6-fold increases in ALT and AST levels, respectively, indicative of significant hepatocellular injury ( Figure 2 , K and L). There was a striking increase in conjugated bilirubin at 12 weeks ( Figure 2M ), consistent with decreased bile flow. In contrast to DKO mice, Fxr -/-mice exhibited a much lower degree of liver necrosis, and Shp -/-mice showed no significant changes in any of the above parameters (Supplemental Figure 2) .
Increased BAs cause liver injury in DKO mice. We predicted that liver injury in the DKO mice might arise from BA accumulation in the absence of a negative feedback mechanism. As expected, we observed a significant increase in both serum and hepatic BA levels in the DKO mice when compared with those in WT or in the single Fxr -/-or Shp -/-mice ( Figure 3 , A and B, and Supplemental Figure 3 , A-D). This increase was evident in 3-week-old mice and strongly correlated with the increased serum ALT and AST levels. BA levels were also elevated in the biliary and intestinal compartments of DKO mice ( Figure 3 , C and D). Hepatic and serum levels of cholesterol, the precursor for BA production, were modestly increased in DKO mice relative to WT mice ( Figure 3 , E and F). Fxr -/-mice also showed elevated cholesterol levels in serum but not in the liver, whereas in Shp -/-mice, hepatic and serum cholesterol levels were modestly elevated and decreased, respectively (Supplemental Figure 3 , E and F). The increase in hepatic cholesterol levels observed in DKO and Shp -/-mice was consistent with the induction of mRNA for HMGCoA reductase, an enzyme involved in the rate-limiting step for cholesterol synthesis, in DKO mice (1.52 ± 0.2 fold change in mRNA expression compared with WT mice; P < 0.05) and in Shp -/-mice (1.55 ± 0.04 fold change in mRNA expression compared with WT mice; P < 0.01) at 12 weeks of age. Because we observed an absolute increase in BA levels, we determined their specific composition using HPLC analysis. Fxr -/-mice showed a net increase in hydrophobic BAs in serum, while Shp -/-mice showed a net increase in the liver (Supplemental Figure 3 , G-I). However, the DKO mice had elevated hydrophobic BA in both serum and liver ( Figure 3 , G-I).
Disrupted BA transport and synthesis causes cholestasis in DKO mice. To decipher the biochemical basis for the dramatic increase in BA levels in the DKO livers, we performed a systematic and quantitative analysis of the hepatic expression of a panel of genes involved in BA synthesis, transport, and elimination using NanoString assays (39) . While DKO mice exhibit strong increases relative to WT mice in genes involved in classical BA synthesis (e.g., Cyp7a1), the expression of genes involved in acidic BA synthesis (e.g., Cyp27a1) was significantly lowered when compared with that of WT mice ( Figure 4, A and B) . We also found a significant increase in the expression levels of Cyp8b1 ( Figure 4D ), which encodes sterol 12-α hydroxylase, an enzyme that directs BA precursors toward hydrophobic BAs. The induction of both Cyp7a1 and Cyp8b1 genes is consistent with the net increase in both total and hydrophobic BAs seen in DKO mice. Furthermore, the livers of DKO mice exhibited aberrant regulation of genes encoding proteins that transport BA into the bile, such as Abcb11, Abcb1a, and Abcc2 ( Figure  4 , E-G). In particular, the dramatic reduction in transcript levels of Abcb11, a key BA efflux gene, supports the accumulation of hepatic BA observed in DKO animals. Abcb11 repression was less in Fxr -/-mice, particularly at 12 weeks, and was absent in Shp -/-mice (Supplemental Figure 4B ). Abcc3 and Abcc4, which encode transporters responsible for BA efflux into the systemic circulation, were strikingly induced (10 and 30 fold, respectively), an observation consistent with the increased serum BA levels observed in the DKO mice ( (10) and Shp -/-(11) mice exhibited changes syndirectional to those in the DKO mice, albeit lower in amplitude (Supplemental Figure 4 , E-P). Taken together these data explain for the overall increase in BA levels observed in the DKO mice. Hepatic gene signature of DKO mice. To further explore the basis for the increased hepatopathology in DKO mice, we used microarrays to profile gene expression in the livers of 3-and 5-week-old WT, Fxr -/-, Shp -/-, and DKO mice. The gene expression analysis was carried out at a relatively early age in order to minimize secondary gene expression changes, pursuant to the severe liver injury in the DKO animals. At 5 weeks of age, we believe that at least 50% of the observed differential gene expression in DKO, Fxr -/-, and Shp -/-mice relative to WT mice ( Figure 5A ) was unique to their respective genotypes. Interestingly, the DKO mice showed a 39% probe set overlap with the Fxr -/-mice and only 5% probe set overlap with the Shp -/-mice, indicating that the loss of FXR contributes more to biliary dysfunction than does the loss of SHP in the DKO animals.
Gene Ontology (GO) overrepresentation analysis (40, 41) of the differentially expressed genes specifically regulated by FXR and SHP (Supplemental Excel file 1) or unique to DKO mice ( Figure 5B ) identified a number of what we believe to be new functional targets. Those altered specifically in the DKO livers include gene networks regulating steroid, BA, and cholesterol metabolism. In particular, Cyp17a1, an important enzyme in both the biosyntheses of pregnenolone and hydroxy progesterone via the C21 steroid pathway (42-44) was dramatically induced up to 20 fold in the DKO livers ( Figure 5D ). In contrast, transcript levels of Hsd3b5 were negligible at 3 weeks ( Figure  5E ), while the expression of Srd5a1 ( Figure 5F ) was reduced to 50%.
17-OHP causes liver injury. Cyp17a1 is a single enzyme but has both 17α-hydroxylase and 17,20-lyase activities. It first catalyzes the 17-hydroxylation of progesterone or pregnenolone, which may then be converted to DHEA or androstenedione, respectively, via its lyase activity. The induction of Cyp17a1 in DKO mice at the mRNA and protein levels ( Figure 6 , A and B) resulted in a significant increase in circulating 17-OHP levels but not in DHEA levels relative to those of WT mice ( Figure 6, C and D) . 17-OHP is normally synthesized in the adrenal and the gonads and is considered nontoxic (45) . However, liver toxicities have been reported with synthetic 17-α hydroxylated steroids, including 17-α ethinyl estradiol, and 17aa androgens. Interestingly, short-term treatment of WT mice with 17-OHP was sufficient to cause liver injury, as demonstrated by increased serum ALT, AST, and bilirubin levels. This was accompanied by a 26 percent increase in liver-to-body weight ratio (Figure 6 , E-G), with no significant effect on serum and hepatic BA levels ( Figure 6 , J and K). Histological analysis demonstrated focal inflammation, periportal cholangitis, ballooning degeneration, and microsteatosis ( Figure 6 , L and M) in these livers, similar to the DKO mice. The dose chosen (125 mg/kg) is lower than that used to delay preterm labor in human patients (250 mg/kg). This resulted in 10-and 5-fold higher serum 17-OHP levels in comparison with WT vehicle and naive DKO mice, respectively, which is less than the levels that can be reached in congenital adrenal hyperplasia (46) . From these results, we conclude that high levels of 17-OHP, a product synthesized by Cyp17a1, are toxic to the liver, and its local production may contribute to the severe pathology observed in the DKO mice.
Discussion
Cholestasis is a term encompassing diseases in which bile flow is reduced or arrested and substances normally excreted into bile are retained. Hypercholemia, or increased serum BA concentration, is used as a universal indicator of cholestasis, which may or may not be accompanied by jaundice and elevated serum bilirubin. There are numerous etiologies of cholestasis, including genetic diseases such as progressive familial intrahepatic cholestasis (PFIC1-PFIC3), BA synthesis defects, α1 anti-trypsin deficiency, Alagille syndrome, and mitochondrial hepatopathies (18, 47) . Like the DKO mice, the cholestasis associated with several of these genetic syndromes is both early onset and severe.
Although genetic loss of both FXR and SHP is not likely to contribute to human cholestatic syndromes, PFIC1 patients show decreased ileal FXR activity (48, 49) , and SNPs 518T > C and 238T > C in FXR have been associated with intrahepatic cholestasis of pregnancy (ICP) (50, 51) . More importantly, recent data show that both FXR and SHP expression is dramatically reduced by 90% or more in PFIC1, PFIC2, and in biliary atresia (52) . The Fxr -/-Shp -/-DKO mouse model exhibits a range of cholestatic dysfunctions, including enhanced BA synthesis and a significant decrease in mRNA expression of Abcb11, the bile salt export transporter implicated in PFIC2. These observations indicate that cholestatic syndromes with quite disparate primary causes show a number of similarities and that combined dysfunction of the FXR/SHP axis may be central to many different forms of cholestasis. DKO mice completely lack the FXR/SHP-mediated BA synthesis negative feedback loop, leading to aberrant BA accumulation in liver and spillover of this excess to varying degrees into the serum, bile, and intestine. The DKO mouse model develops cholestasis as early as 3 weeks of age and as such will be an excellent tool to study earlyonset cholestasis. Additionally, unlike that in diet-induced cholestasis (53), the DKO mice accumulate a range of both hydrophilic and hydrophobic BAs, similar to that in most clinical settings (54, 55) . Despite an early onset of liver damage, DKO mice remain viable for more than a year. The hepatocyte proliferation observed in this model cannot be accounted for by the FXR-dependent regenerative response (2) . However, our unpublished data demonstrates that oval cells may support proliferation of hepatocytes in DKO mice (56) .
Comprehensive analysis of the DKO phenotype has identified a coordinate role for FXR and SHP in biliary homeostasis, in contrast to the simple linear regulatory pathway suggested by the current models (7, 24) . As in earlier studies (13, 34) , the Shp -/-mice
Figure 5
Loss of FXR and SHP affects steroid and lipid metabolism. RNA from liver of 5-week-old mice (n = 6) was analyzed by microarray. (A) Venn diagram comparing Fxr -/-and Shp -/-mice versus DKO mice. The selection criteria used was fold change > 2.3 and P < 0.0001. (B) Classification of a subset of target genes, which are uniquely altered in DKO mice. The numbers in parentheses indicate the number of genes in that category. (C) Relative expression of 63 probe sets for genes from the GO analysis. Each knockout is represented by data from 2 samples, and each samples is a pool of n = 3 mice. DKO gene signature, which we believe to be novel, was validated by NanoString analysis (n = 4). neg., negative; reg., regulation; hor., hormone; biosyn., biosynthetic. (D-F) Expression of C21 steroid metabolic genes. Data are presented as mean ± SEM, n = 4 mice per group. *P < 0.05, **P < 0.001 when compared with their respective age-matched WT.
exhibited a relatively small increase in Cyp7a1 mRNA levels, with no elevation of hepatic or serum BA levels (Supplemental Figure  4) . Fxr -/-mice had modest increase in Cyp7a1 expression, lesser Abcb11 repression, and a much lower increase in serum and hepatic BA levels compared with those in DKO mice (Supplemental Figure  3) . However, Fxr -/-mice accumulate hepatic BAs, along with activation of detoxification pathways, at a much later age (10, 57) . SHP expression in the Fxr -/-mice is low but not absent (10) . It is obvious from the large increase of Cyp7a1 protein ( Figure 4Q ) in DKO mice compared with that in the individual knockouts that this residual SHP expression is sufficient to partially restrain BA overproduction and maintain relatively normal BA homeostasis in the Fxr -/-liver.
BA overload is known to induce oxidative stress, hepatocyte death, and mitochondrial abnormality leading to liver damage (58) . All of these insults are visible in the DKO livers, indicating BAs as the causative factor for liver injury in these mice. Interestingly, these alterations are not accompanied by bile retention, and there is only mild histological evidence for canalicular dilatation at 12 weeks. Electron microscopy points to early abnormalities in the cristae of the mitochondrion as a marker of BA toxicity (16, 58) .
An unexpected observation from the gene array study was the robust induction of Cyp17a1 in the DKO livers. Recent literature and in silico promoter analysis of Cyp17a1 indicate putative binding motifs for a variety of nuclear receptors, including FXR, VDR, HNF4 (59), LRH-1 (60), and RXR, as well as motifs for GATA6 and MED1 (61) . Therefore, it is likely that induction of Cyp17a1 in the DKO liver reflects coordinated suppression by FXR and SHP under normal circumstances.
17-OHP, an enzymatic product of Cyp17a1, is a naturally occurring steroid. 17-OHP neither binds nor activates the progesterone receptor (62) but is produced at high levels during pregnancy and classical congenital adrenal hyperplasia (63) . We are not aware of previous reports linking it to hepatoxicity, but increased liver function tests (serum AST, ALT, GGT, and ALP) in patients with CAH (64) have been reported. There are also indications that synthetic 17-hydroxylated steroids and their metabolites have deleterious effects in the liver. 17-α Ethinylestradiol is a well-known inducer of cholestasis in rodent models (19) that requires ERα to inhibit bile flow (65) . In addition, athletes and body builders who use 17aa steroids over a period of time commonly suffer from liver injury and cholestasis (36) (37) (38) . 17aa steroids undergo first-pass metabolism in the liver, resulting in oxidation at the C2, reduction at the C3, and hydroxylation at the C17 (66) position on the steroid ring. Interestingly, patients with liver disease show increased 17-α hydroxylase activity (67) . Furthermore, progesterone treatment to prevent preterm labor predisposes patients to onset of ICP (68, 69) . Consistent with these reports, the liver injury in the DKO mice is associated with elevated serum levels of 17-OHP. To test whether this induction is adaptive or deleterious, we treated WT mice with 17-OHP at doses comparable to those used to delay preterm labor in human patients. This increased circulating 17-OHP to a level greater than that observed in the DKO mice but less than what is observed in human congenital adrenal hyperplasia (ref. 46 and Figure 6E ). This treatment induced similar histological changes to those observed in DKO mice, including focal microsteatosis, ballooning degeneration, and focal inflammation, raising the prospect that increased production of 17-hydroxy steroid metabolites may contribute to liver injury. Overall, we conclude that Fxr -/-Shp -/-DKO mice suffer from extensive liver damage associated with BA overload that is much greater than that observed in either single knockout, indicating a coordinate role for both nuclear receptors in biliary homeostasis. Based on the numerous features shared by the DKO mice and patients with severe, early-onset human cholestatic syndromes, including markedly decreased activity of both FXR and SHP (52), we suggest that they provide a unique murine model of juvenile cholestasis.
Methods
Animals. Individual Fxr -/-or Shp -/-mice were backcrossed with C57BL/6 mice up to 10 generations to generate congenic C57BL/6 Fxr -/- (10) or Shp -/-mice (11) . Congenic single-knockout animals were bred with each other to generate FXR/SHP double-knockout mice. Age-matched, male, DKO congenic and C57BL/6 WT mice, 3 to 12 weeks old, were used throughout this study. WT control mice (C57BL/6) were purchased from Harlan Sprague Dawley Inc. Mice were sacrificed at 3, 5, or 10-12 weeks after birth. For the progesterone experiment, mice were injected i.p. with 125 mg/kg 17-OHP (SigmaAldrich) or corn oil twice on the first day, followed by once daily injections for 4 additional days. Blood was collected and liver tissue was frozen in liquid nitrogen. Mice were housed on a standard 12-hour-light/dark cycle and were fed normal chow and water ad libitum. All animal experiments were carried out as outlined in the Guide for the Care and Use of Laboratory Animals, prepared by the National Academy of Sciences and published by the NIH (NIH publication 86-23, revised 1985) . Animal experiments were approved by the Institutional Animal Care and Use Committee at Baylor College of Medicine (protocol AN-4746 and AN-1550).
Histology. Liver samples were fixed in 10% formalin or 2.5% glutaraldehyde solution or snap frozen in OCT. The formalin fixed sections were used for H&E staining as well as immunohistochemical detection of Ki-67 and CK19. Briefly, the sections were incubated with anti-Ki-67 antibody (Novus Biologicals) at 1:200, followed by DAB staining and hematoxylin counter-staining. For CK19 immunostaining, the rabbit antibody was provided by X. Wang, University of Michigan, Ann Arbor, Michigan, USA, and was used at 1:600 dilution. On the other hand, frozen sections were incubated with oil red O, washed with 70% ethanol, and counterstained with hematoxylin.
Electron microscopy. Glutaraldehyde-fixed sections were embedded in plastic and stained with osmium tetroxide or uranyl acetate for examination in a FEI Tecnai Spirit transmission electron microscope.
Serum analysis. Blood was collected and centrifuged at 6,000 g for 5 minutes to separate serum. Serum biochemistry was performed in the Comparative Pathology Laboratory at Baylor College of Medicine. Total serum BAs were measured with a BA L3K assay kit (Diagnostic Chemicals). Then, 2-5 μl of serum was incubated with the given reagents for 10 minutes at 37°C and read at 405 nm with 660 nm as reference. Serum 17-OHP and DHEA were measured using kits from Beckman Coulter Inc.
Tissue BA analysis. One hundred to one hundred and fifty mg of liver tissue was weighed and homogenized in 1 ml of 75% ethanol. The homogenate was incubated at 50°C for 2 hours to extract BAs and centrifuged at 6,000 g for 10 minutes. The supernatant was used to determine the BA content, which was normalized to the weight of liver tissue used. To determine the biliary BA level, the cystic duct was tied and the intact gallbladder was removed and stored in an eppendorf tube. The gallbladder content was released into the tube by puncturing with a needle. The BA concentrations were measured using the colorimetric assay, as described above.
Analysis of hepatic and serum BA composition. Serum or livers from 6 mice of each genotype were pooled and processed for BA determination using HPLC (Shimadzu), as described previously (70) .
Gene expression analysis. Total RNA from liver was prepared according to the manufacturer's protocols (TRIzol, Invitrogen). The RNA obtained was further purified using Qiagen columns for microarray and NanoString analysis.
Microarray analysis. Five hundred ng of total RNA was reverse transcribed into cRNA and biotin-UTP labeled using the Illumina TotalPrep RNA Amplification Kit (Ambion). cRNA was quantified using an Agilent Bioanalyzer 2100 and hybridized to the Illumina MouseRefseq-8 Expression BeadChip using standard protocols (Illumina). Image data were processed using Illumina BeadStudio software. Statistical analysis of differential gene expression was analyzed using R and Bioconductor (BioC) (71) . Briefly, the unnormalized probe values from BeadStudio were read into R using the lumi BioC (72) package, variance stabilized (73) , and quantile normalized. Normalized array features were filtered for probes with present calls > 0 prior to differential gene expression analysis. The limma BioC package (74) was used to determine differentially expressed genes, using a linear model fit to a group-means parameterization. GO enrichment analysis of significant gene lists was performed using a hypergeometric test, as outlined in the GOstats BioC (75) package. The versions of software and BioC packages were as follows: R_2.8.0, lumi_1.8.2, limma_2.18.2, GOstats_2.8.0, and GO.db_2.2.5. The GEO accession number for the array data set is GSE20599.
NanoString nCounter assay. The details of the nCounter Analysis System (NanoString Technologies) were reported previously (39) . In brief, sequencespecific probes were constructed for each gene of interest (Supplemental Table 1 ). Each of the 48 samples was hybridized in duplicates with 100 ng total RNA in each reaction. All genes and controls were assayed simultaneously in multiplexed reactions (39) . The raw data was normalized in a 2-step fashion. First, it was normalized to the spike control used in each reaction to account for variations in hybridization and purification efficiency. Then, the data was normalized to β-actin, a housekeeping gene.
Western blot analysis. Protein was extracted from 100 mg fresh liver with a Dounce homogenizer in 10 mM HEPES (pH 7.5), 0.32 M sucrose, 1% SDS, 5 μM MG132, and 5 mM EDTA with protease inhibitors. For Western blot, 30-50 μg total protein was used. The membrane was incubated with a Cyp7a1 (obtained from David Russell) or Cyp17a1 antibody (Santa Cruz Biotechnology Inc.) at a dilution of 1:1,000.
Statistics. Data was analyzed using 1-way ANOVA, with post-hoc Bonferroni test for comparison of multiple groups or unpaired Student's t test for comparison between 2 groups. P values of less than 0.05 were considered significant.
